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1  INTRODUCTION 

•1 

The  Black  Kni^t  vehicle  waa  designed  to  gain  e:qporience  in  the  problems 
associated  vdth  ballistic  rocket  flight  and  subsequent  re-entry  into  the 
atmosphere.  Investigation  of  propulsion,  control  and  structural  character¬ 
istics  during  •the  ascent  of  "the  vehicle  together  with  the  extremely  important 
problems  of  re-entry  heating  and  dynamics  adl  provided  requirements  for  the 
development  of  suitable  instrumentation,  Al'bhough  it  was  possible  to  use  or 
adapt  existing  guided  weapon  transducers  for  some  measvirements  it  was  neverthe¬ 
less  necessary  to  develop  large  number  of  special  techniques  specifically 
for  "the  Black  Kni^t  programme  and  details  are  given  in  Parts  1  and  2  of  this 
Report,  The  well  established  guided  weapon  equipment  e,g,  pressure  trans¬ 
ducers,  accelerometers  etc,,  is  only  briefly  mentioned  and  greater  emidiasis  Is 
given  to  "the  special  techniques  which  have  been  evolved. 

The  development  of  Black  Knight  instrumentation  proceeded  in  three 
distinct  phases.  For  "the  early  proving  vehicles  (fitted  with  non- separating 
heads)  the  main  emphasis  was  placed  on  determining  the  behaviour  of  guidance, 
oon'txol  and  propulsion  systems  until  the  propellents  were  "all-bumt*'.  The 
second  phase  came  vd'bh  sopara'ting  heads  used  for  preliminary  experiments  at  low 
re-entry  velocities;  the  two-stage  version  of  Black  Knight  introduced  the 
third  phase  of  developnent  in  which  ins'trumontation  was  required  for  the 
second  stage  assembly  and  smaller  high  velocity  (16000  f't/soo  approx,)  re-entry 
heads. 

Details  of  the  techniques  developed  for  use  in  the  main  body  of  the 
vehicle  are  described  in  this  Report  and  Instrumentation  systems  for  re-entry 
heads  and  second  stage  assemblies  are  given  in  Peu't  2, 

2  MTA  LINK 

Information  required  from  the  main  body  (vohiolo  excluding  the  re-entry 
head  or  second-stage  assembly,  see  Flg,l)  un'til  all  propellents  were  used 
at  a  maximum  oltl'tude  of  about  80  miles,  consisted  principally  of  perfomairoe 
data  from  the  guidance,  control  and  propvilslon  systems.  Although  the  effect 
of  kinetic  heating  is  not  negligible,  the  v^oolty  of  the  vehicle  during 
ascent  does  not  exceed  the  critical  velocity  at  which  ionisation  effects  beoone 
prohibitive  and  so  it  was  possible  to  use  R,P,  telemetry  links  between  the 
rocket  and  ground  stations. 

Calculations  showed  that  a  high  power  oscillator  (approximate  mean  power 
output  6*5  watts)  fitted  in  an  R,A.E.  2,65  Mo/s  telemetry  transmitter  would 
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provide  adequate  signal  strength  at  the  ground  receivers  throughout  the 
propulsion  phase  and  a  useable  signal  (but  intermittent  due  to  the  vehicle 
tumbling)  up  to  the  apogee  altitude  of  about  450  miles#  This  system  was 
therefore  chosen  to  provide  the  data  link  with  the  main  body  of  the  vehicle# 

Ihe  R*A*E.  2*65  Mc/s  telemetry  system  can  operate  within  the  frequency 
range  440  to  480  Mc/s  allowing  up  to  three  simultaneous  transmissions  with 
adequate  separation  of  the  carrier  frequencies#  The  frequency  modulator  of 
each  transmitter  provides  a  sub-carrier  which  varies  from  130  to  I60  kc/s 
depending  on  input  signal  and  a  24-channel  sampling  switch  running  at  85  c/s 
is  used  to  transmit  twenty-three  inputs  and  one  synchronisation  pulse 
(186  ko/s)#  The  modulator  accepts  both  voltage  and  inductive  inputs  from 
transducers  and  the  transmitters  fitted  in  the  main  body  of  Black  Knight  vehicles 
were  adjusted  to  give  sub-oarrler  frequencies  of  I30  ko/s  and  I60  kc/s  for 
inputs  of  +1*5  and  -1»5vc3lt8  respectively#  To  increase  the  nximber  of  measure¬ 
ments  which  could  be  sampled,  two  motor  driven  six-pole  six-way  sub-commutation 
switches  were  developed  for  sampling  quasi-static  parameters  at  1*5  samples/ 
second#  (One  for  voltage  and  one  for  inductive  transducer  inputs#) 

All  telemetry  components  i#o#  oscillator,  modulator,  sampling  switch, 
sub-commutating  switch  (voltage  inputs  only)  together' with  H.T*  convertors, 
voltage  calibration  circuit  etc#,  were  built  into  a  single  unit  which  was 
fitted  in  the  instrumentation  compartment#  This  sender  unit  (lype  TD  238) 
is  shown  in  Flg#2  and  is  described  in  Ref #2.  The  sub-commutation  unit  for 

Induotlve  transducers  (Pig#3)  was  fitted  in  the  motor  bay  because  of  the  large 
number  of  pressure  pick-offs  used  to  monitor  engine  perfoxinanoe# 

The  R#P#  output  from  telemetry  senders  was  transmitted  from  special 
aoidals  (Flg#4)  fitted  to  the  Instfumontation  compeirtmont  of  the  vehicle 
(Flg#l(a))#  The  peak  voltage  on  each  aerial  was  about  600  volts  and  to 
prevent  significant  corona  losses  at  hi^  altitude  a  special  type  of  open 
monopole  aerial  was  developed  by  Radio  Department,  R.A.E.  This  design  also 
provides  a  low  drag,  minimum  weight  installation  which  is  not  eiffeoted  by 
kinetic  heating  during  ascent# 

Two  telometxy  senders  and  aerials  were  used  to  transmit  body  data  from 
the  earty  proving  vehicles  and  about  5oj{  ot  the  later  missiles#  The  remaining 
vehicles  have  been  fitted  with  only  one  transmitter  although  a  small  telemetry 
unit  fitted  with  a  medixmi  power  oscillator  (max#  R#P#  output  2  watts)  has  also 
been  used  oooaslonally  to  transmit  vibration  data  and  additional  engine  bay 
measurements#  This  sender  is  installed  in  a  fin  pod  and  has  sufficient  range 
to  provide  a  data  link  during  the  first  stage  propulsion  period# 


CONPIDENTTAL 


CJONPIEENTI/Ji 


5 


3  TRANSIXJCERS 

For  a  large  nmber  of  main  body  measurements  it  was  possible  to  use 
standard  G.W,  instrumentation  techniques  developed  specifically  for  the 
465  Mc/s  telemetry  system  and  these  are  described  briefly  in  Section 
As  the  development  of  Black  Knight  proceeded  many  requirements  arose  for 
special  measurements  not  covered  by  the  standard  range  of  guided  weapon 
instrumentation.  Section  3.2  and  the  following  sections  together  with  part  2 
of  this  Report  describes  the  instrumentation  developed  to  meet  these  require¬ 
ments. 

3.1  Standard  instrumentation 

For  measurement  of  the  various  guidance  control  and  propulsion  para¬ 
meters  it  was  possible  to  use  mainly  the  existing  range  of  accelerometers 

and  pressure  pick-offs.  Accelerometers  (l^e  TD  217)  monitoring  longitudinal^ 
pitch  and  yaw  accoleration  were  fitted  in  the  telemetry  unit  located  in  the 
instrumentation  compartment  of  the  vehicle.  Pressure  transducers  (ijypes 
G.W,2A  and  3A  etc.)  monitoring  the  various  pump  inlet  and  outlet  pressures, 
combustion  chamber,  steam  turbine  and  hydraulic  servo  pressures  were  mounted 
in  the  motor  bay.  All  the  pressure  pick-offs  used  were  inductive,  as  there 
were  no  comparable  transducers  available  with  voltage  outputs  because  of  their 
weight  and  limited  frequency  response.  Some  problems  occurred  due  to 
incompatibility  of  the  standard  range  of  transducers  with  H.T.P.  propellent 
but  these  difficulties  wore  overcome  by  fitting  appropriate  pressure  trans¬ 
mitters  and  in  one  case  (H.T.P.  suction  pressure)  by  designing  a  low  pressure- 
range  transducer  compatible  with  H.T.P. 

Mai^  other  measurements  were  directly  available  in  electrical  analogue 
form  e.g.  control  system  parameters,  battery  voltages  eto.  These  quantities 
were  monitored  by  providing  potentiometer  networks  to  supply  the  necessary 
voltage  outputs  to  the  telemetry  transmitter,  l.e.  within  the  range  ±1*5  volts. 

3.2  Measurement  of  propellent  level 

To  obtain  optimum  performance  frea  the  Black  Knight  vehicle  it  Is 
Important  to  ensure  simultaneous  depletion  of  both  f\iel  and  oxidant  supply. 
Measurements  of  piopellent  consumption  at  sea  level  can  be  cbtained  from 
static  firings  but  extrapolation  to  the  flight  condition  is  subject  to  error. 

It  is  therefore  of  considerable  importance  to  monitor  propellent  consumption 
throughout  flight  so  that  oorreotlotis  can  be  made  on  subsequent  flights  to 
the  propellent  loading  conditions.  The  oallbratlon  of  miniature  flowmeters 
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is  iincortain  under  hich  acceleration  conditions  and  errors  are  integrated 
throughout  flight •  Development  of  a  suitable  propellent  tank  level  sensor 
was  therefore  initiated# 

Because  a  detailed  description  of  the  final  system  is  given  in  Refs#3 
and  only  the  salient  features  are  given  here#  A  basic  limitation  of  the 
465  Mc/s  telemetry  system  is  its  overall  accuracy  which  is  approximately  ±1^ 
of  full  scale*  This  is  inadequate  for  propellent  level  measurement  and  the 
method  shown  in  Pig #5  was  devised  to  extend  the  voltage  scale  of  the  telemetry 
modulator  by  a  factor  of  20*  In  this  system  an  A*C.  bridge  is  alternately 
balanced  and  unbalanced  by  the  removal  of  elements  of  a  sectionalized  co-axial 
capacitor  immersed  in  the  propellent  which  acts  as  a  dielectric*  The  scale 
of  the  telemetry  modulator  is  increased  by  a  factor  equal  to  the  number  of 
elements  and  accurate  measurements  of  propellent  level  are  possible*  The 
ultimate  accuracy  is  determined  in  practice  by  the  amplitude  and  frequency 
of  fuel  sloshing  in  the  tank*  The  system  is  self  calibrating  because  the 
changes  in  slope  of  the  demodulated  output  (Pig.5)  occur  at  definite  levels  in 
the  tank  and  are  independent  of  bridge  sensitivity*  By  making  the  sections 
of  unequal  length  it  is  also  possible  to  code  the  output  from  the  bridge  so 
that  the  exact  sensor  element  in  use  at  any  time  can  be  determined  from  the 
flight  record* 

The  technique  described  above  was  used  in  the  kerosene  tank  of  Black 
Knight  vehicles  and  is  suitable  for  short  tanks  vrtiere  the  co-axial  capacitor 
can  be  supported  satisfactorily  e.g*  for  lengths  of  up  to  5  ft  (approx*). 

It  was  not  considered  possible  to  use  this  method  in  the  Black  Knight  H.T.P. 
tank  which  is  about  11  ft  long  and  a  number  of  capacity  probes  (usually  six 
in  number)  were  fitted  in  the  tank  wall*  Although  this  system  does  not  provide 
a  continuous  record  it  does  give  spot  checks  on  H.T.P*  consumption  throughout 
flight#  Both  methods  have  provided  valuable  data  on  propellent  constmption* 

3*3  Temperature  measurement 

Data  required  from  Black  i&iight  vehicles  during  flight  included  air  and 
chassis  temperatures  in  the  electronics  bay  and  skin  temperature  at  various 
positions  on  the  missile#  Estimates  indicated  that  transducers  wotild  be 
required  to  operate  in  the  ranges  10-100°C,  10-2CX)^C  and  10-300® C*  The  thermo¬ 
couple  was  rejected  because  of  its  low  voltage  output  and  since  the  thermistor 

5 

has  a  relatively  long  time  constant  it  was  not  considered  acceptable  for  use 
with  thin  metal  skins  or  for  measuring  air  temperature.  The  resistance 
thermometer  was  therefoie  chosen  as  the  most  suitable  transducer# 
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In  the  development  of  this  instrumentation  it  was  deoided  to  employ  a 
D.C.  amplifier  vAiich  had  been  designed  for  use  vdth  thermocouples  in  re-entry 
heads  •  This  unit  provides  an  output  of  3  volts  for  an  input  of  50  mV  (at 
an  impedance  of  less  than  50  ohms)  and  it  was  used  to  amplify  the  output  from 
a  Y/heatstone  bridge  (Fig*6)  in  which  the  variable  resistance  element  was  a 
resistance  thermometer  made  from  0*001  inch  diameter  nickel  wire# 

The  resistance  of  the  wire  is  given  as  a  function  of  temperature  by  the 
following  well  known  approximation# 

+  a  T  +  p  +  Y  T^]  (i) 

where  =  resistance  at  T°C 

R  =  resistsincQ  at  0®C 

0 

T  =  temperature  (°C). 

For  a  typical  sample  of  nickel  wire 

a  =  0-0059  ohms/°C 

P  =  5’5  X  10‘^  ohm3/(°C)^ 

Y  =  ‘1-67  X  10  ^  ohms/(°C)^» 

The  relationship  between  thermometer  resistance  and  output  impedance 
of  the  bridge  circuit  is  given  by 


» 


Output  impedance 


2P(1 

O  + 


+  5) 


(2) 


where  P  resistsinco  of  each  bridge  element 
ajii  5  _  resistance  of  thermometer  at  iPC 
resistsince  of  thermometer  at  10“c 


The  resistance  of  bridge  elements  *P*  and  the  thermometer  at  10®C  were 
chosen  to  be  33  ohm  so  that  the  output  Impedance  of  the  bridge  would  always 
be  less  than  50  ohm,  oven  at  the  maximum  temperature  of  300®C,  The  bridge  is 
therefore  balanced  at  10®C  and  there  is  no  voltage  output.  Although  the 
resistance/temperature  characteristic  of  the  thermometer  is  appreciably  non¬ 
linear  (Fig«7)  the  overall  bridge  characteristic  is  approximately  linear. 

Bridge  sensitivity  can  be  varied  according  to  the  following  expression 
by  adjusting  the  series  resistance  R  (Pig,6), 
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(5  -  1)  I  +  2  (^1  +  6  + 

where  v  =  voltage  output  from  the  bridge 

V  =  bridge  supply  voltage* 

This  method  was  adopted  to  provide  the  tliree  ranges  10-100°C,  10-200®C 
and  10-300*^C  so  that  a  common  bridge,  resistance  thermometer  element  and  supply 
voltage  could  bo  used  for  each  range*  A  1*35  volt  mercury  cell  energises  eaoh 
bridge  and  the  value  of  series  resistance  R  for  each  temperature  range  was 
determined  from  expression  (3)  so  that  at  the  maximum  temperature  the  voltage 
output  is  50  mV  which  is  amplified  to  3 volts  by  the  telemetry  pre-amplifier# 
Values  of  *R*  and  estimates  of  the  errors  due  to  pov/er  dissipation  in  the 
resistance  thermometers  are  given  in  Appendix  A* 

Each  thoimometer  is  wound  so  that  its  resistance  at  10^C  is  33  ohms  ±0*1  ohm 
(approx*  wire  length  26  cm)#  Thermometers  for  moasioring  skin  temperature,  air 
temperature  and  temperature  within  a  dummy  e^qplosive  bolt  are  shown  in  Pigs*8 
to  10,  and  their  construction  is  described  briefly  in  Appendix  B*  A  time  lag 
of  about  1*2  m  sec  is  associated  with  elements  attached  to  metal  surfaces  due 
to  a  thin  sheet  of  mica  insulation  (0*0005  inch  thick)  which  is  used  between 
the  surface  and  element  to  prevent  a  short  circuit* 

Two  calibration  resistors  are  included  in  the  bridge  unit  which  is 
described  in  Appendix  B*  When  connected  in  the  place  of  a  resistance  thermo¬ 
meter  they  provide  bridge  outputs  of  about  25  mV  (50^  calibration)  and  50  niV 
(I00):u  calibration)*  These  resistors  are  used  to  calibrate  the  bridge- 
amplifier  combination  so  that  any  change  in  the  overall  characteristic  during 
flight  can  be  detected* 

Early  vehicles  were  fitted  vdth  throe  resistance  thermometer  channels 
1C)-100°C,  10-2D0®C  and  10-300°C  each  comprising  four  thermometers,  a  bridge  unit 
and  amplifier*  The  four  thermometers  and  two  calibration  resistors  associated 
with  each  bridge  were  switched  in  turn  to  form  the  variable  resistance  in  the 
bridge  circuit*  Another  contact  shorted  the  input  terminals  of  the  amplifier 
between  samples  to  suppress  switching  transients*  The  switches  associated 
with  all  three  channels  were  driven  at  about  1*5  c/s  and  the  voltage  from  each 
amplifier  was  transmitted  on  a  separate  telemetry  channel*  Amplifier  outputs 
were  biased  so  that  signals  remained  within  the  limits  required  to  fully 
modulate  the  telemetry  transmitter  (±1*5  volts)*  A  singlo  resistance 
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thermometer  channel  is  sho^m  in  Fig. "11  and  an  overall  voltage  output/temporature 
characteristic  for  the  ■10-300°C  range  is  shown  in  Fig.12«  In  later  installa¬ 
tions  where  only  one  temperature  range  was  required  (10-200°C)  ten  thermometers 
and  two  calibration  resistors  were  sampled  every  3  seconds  (approx.)  and 
transmitted  on  one  telemetry  channel. 

Motor  bay  temperatures  which  exceeded  300°C  were  measured  with  thermo- 

•  •  ^ 

couples.  Their  voltage  outputs  were  sampled,  amplified  by  a  D.C.  amplifier 
and  transmitted  on  one  telemetry  channel.  In  a  typical  installation  eleven 
thermocouple  outputs  and  one  calibration  voltage  were  telemetered  every  3  seoonds 
(approx,).  The  cold  junction  of  the  thermocouples  was  encapsulated  in 
Araldite  resin  to  provide  thermal  insulation  and  its  temperature  was  monitored 
by  a  resistance  thermometer  as  already  described, 

3*4  Flap  valve  monitor 

Eight  "base  bleed"  holes  about  6  inches  in  diameter  are  included  in  the 
skirt  which  encloses  the  motor  bay  of  the  Black  Kni^t  vehicle  (Fig,l(a)), 

These  allov/  air  to  enter  the  bay  at  low  altitudes  so  that  contamination  by 
exhaust  gases  is  avoided.  For  certain  experiments  designed  to  detoot  the 
pressurising  effect  of  exhaust  gases  at  high  altitudes^  it  was  necessary  to 
fit  flap  valves  to  those  ports  and  monitor  their  operation.  Each  aperture 
was  covered  by  a  rectangular  plate  cariying  two  hinged  flap  valves  which  opened 
into  the  motor  bay.  The  doors  were  lightly  loaded  with  springs  which  held 
them  in  the  closed  position  providing  tiie  pressxiro  within  the  bay  did  not  fall 
below  the  external  pressure.  The  positions  of  two  valves  in  one  quadrant  of 
the  engine  bay  were  monitored  but  only  the  operation  of  one  flap  on  each 
valve  was  telemetered  because  both  flaps  operate  together.  The  capacity 
biddge  developed  for  use  with  the  kerosene  level  sensor  (Ref,4  and 
Drg,No,GW,11070)  was  modified  as  an  inductance  bridge  (Fig, 13)  and  a  steel 
stub  was  fitted  to  one  flap  of  each  valve  so  that  as  the  door  closed  the  steel 
core  entered  a  small  coil  mounted  inside  the  motor  bay.  The  inductance  of 
each  coil  changed  from  about  5  mil  to  8  mH  as  the  flap  closed.  The  two  coils 
were  connected  in  series  to  form  one  arm  of  the  inductance  bridge  (Pig,13 
L,10  and  L,11)  which  was  energised  at  50  kc/s.  The  output  from  the  bridge 
was  amplified  and  rectified  to  give  a  voltage  which  was  transmitted  on  one 
channel  of  the  telemetry  system.  The  sensitivity  of  the  bridge  was  adjusted 
so  that  if  both  valves  were  closed  and  then  opened  the  voltage  output  to  the 
telometiy  changed  from  -0*7  to  +0*7  volt.  If  one  valve  remained  closed  and 

the  other  open  the  output  was  about  zero.  Only  throe  voltages  were  possible 
because  the  valves  were  either  fully  open  or  closed. 
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3*5  Donner  accelerometer 

After  the  initial  proving  trials  with  Black  Knight  it  became  apparent  that 
the  standsird  accelerometer  (T,D*217)  was  not  sufficiently  accurate  to  give 
longitudinal  acceleration  data  required  to  monitor  engine  performance# 

A  search  was  made  for  an  alternative  transducer  with  better  performance 
characteristics  and  the  Donner  accelerometer  (Pig#14)  was  chosen  for  this 
application#  The  instrument  is  manufactured  by  the  Donner  Scientific  Company 
of  California  and  is  of  the  force  feedback  “type#  Under  the  action  of 
acceleration  along  its  sensitive  axis,  a  seismic  mass  in  the  instrument  tends 
to  move#  An  electro-mechanical  servo  provides  a  balance  betv/een  the 
disturbing  force  proportional  to  acceleration  and  a  restoring  force  proportional 
to  the  feedback  current  in  a  position  restoring  coil#  The  output  from  the 
accelerometer  is  provided  by  the  voltage  developed  across  a  series  resistor 
by  the  feedback  current# 

The  advantage  of  this  form  of  accelerometer,  apart  from  its  very  high 
accuracy  and  sensitivity,  is  the  dynamic  range  available  from  a  current  out¬ 
put  system#  The  acceleration  required  to  give  full  scale  deflection  of  the 
telemetry  system  can  be  selected  by  a  suitable  choice  of  series  resistor# 

The  use  of  a  simple  potentiometer  network  enables  outpu^ts  of  high  and  low 
sensitivity  to  be  obtained  from  one  accelerometer# 

The  commonest  arrangement  used  in  Black  Knight  is  shown  in  Pig#14 
(System  A)#  The  calibration  and  bias  unit  includes  the  series  resistor 
which  is  tapped  to  give  full  scale  outputs  for  acceleiations  of  6g  and  12g 
and  because  the  modulator  of  the  tclemetiy  transmitter  requires  an  input  in 
the  range  ±1*5  volts  a  bias  of  -1*5  volts  ic  provided#  A  voltage  stabiliser 
within  the  unit  provides  the  bias  and  calibration  voltages  for  the  telemet-y 
channel  which  is  used  to  transmit  information  from  the  Donner  accelerometer# 

System  B  (Pig#14)  was  used  in  two  experiments  to  measure  the  effect  of 
a  tlirust  augmenter  which  was  brought  into  operation  during  flight#  This 
arrangement  gives  full  scale  deflection  of  the  telemetry  modulator  for 
acceleration  ranges  of  4  to  56  (Channel  l)  and  4*6  to  5*6g  (Channel  !!)• 

This  is  achieved  by  applying  bias  voltages  at  the  input  terminals  of 
D#C.  amplifiers  I  and  II  and  adjusting  their  voltage  gains  so  that  a  change 
of  1g  acceleration  produces  a  change  of  3  volts  at  their  output  terminals# 

Bias  applied  to  the  input  of  amplifier  I  is  equivalent  to  an  acceleration  of 
-4*56  “tho  output  is  clipped  so  that  it  remains  vdthin  the  range  j:1*5  volts 
required  by  the  telemetry  modiolator#  Amplifier  II  is  connected  in  a  similar 
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manner  except  that  the  bias  applied  to  the  input  terminals  is  equivalent  to 
an  acceleration  of  Systems  A  and  B  were  both  fitted  in  B,K,24« 

Noise  at  the  output  of  the  Donner  accelerometer  due  to  vibration  was 
experienced  initially  but  this  was  overcome  by  using  a  suitable  mounting  and 
filter, 

3o6  Turbine  speed  monitor 

The  object  of  this  development  was  to  telemeter  the  speed  of  the  steam 
turbine  vAiich  drives  kerosene,  H.T.P,  and  servo-oil  pumps  in  the  motor  bay  of 
Black  Knight  vehicles  fitted  with  the  gamma  30*1  engine#  An  overall  accuracy 
of  ±0*25/»  was  required  from  the  instrianentation  and  telemetry  system, 

A  tachometer  generator  driven  through  a  reduction  gear  is  used  to 
monitor  turbine  speed  during  static  firings*  With  the  motor  developing  full 
thrust  the  turbine  speed  is  approximately  5AJOOO  rev/min  and  the  output 
frequency  from  the  tachometer  generator  is  about  182  c/s  (0*7  volt  rms). 

This  signal  could  not  be  transmitted  directly  on  one  channel  of  the  telemetry 
system  because  of  bandwidth  limitations  and  so  the  method  shown  in  Fig* 13  was 
adopted* 

The  sinusoidal  voltage  output  from  the  tachometer  generator  is  converted 
to  a  square  waveform  by  a  switching  circuit.  An  eight-stage  binary  counter 
is  used  to  count  the  number  of  positive  pulses  and  trigger  a  linear  sweep 
generator  each  time  the  total  reaches  236,  The  voltage  output  from  the  unit 
is  therefore  a  series  of  sawtooth  pulses  as  shown  in  Fig. 13*  This  is  sampled 
about  every  12  m  seo  by  the  telemetry  switch  and  the  time  at  which  each  linear 
sweep  is  initiated  can  be  determined  to  an  accuracy  of  ±1  m  seo  by  Intez^ 
polatlon  on  the  telemetry  record.  At  constant  speed,  the  counter  controls 
the  time  interval  between  successive  oulput  pulses  and  the  count  was  chosen 
to  give  turbine  speed  to  better  than  ±0‘23S<»  at  3W00  rev/min.  The  time 
Interval  between  pulses  is  then  approximately  1«if  seconds* 

Turbine  speed  and  the  output  frequency  from  the  tachometer  generator 
are  related  by  the  expression 

0)  =  29^^‘8  f  (4) 

where  od  =  turbine  speed  (rev/min) 

and  f  =  output  frequency  from  tachometer  generator  (c/s). 


CONFIDENTI/J. 


12 


CONFIDENTIAL 


If  the  time  intervsil  between,  oonseoutivo  voltage  pulses  from  the 
monitor  unit  is  represented  by  ’t*  sec 


therefore 


f  =  -256  c/s 

0)  =  rev/min  .  (5) 


Expression  (5)  was  used  to  plot  the  characteristic  given  in  Fig.l6 
which  shows  the  time  interval  between  consecutive  pulses  as  a  function  of 
turbine  speed.  The  data  gives  mean  txirbine  speed  during  intervals  represented 
by  256  cycles  from  the  tachometer  generator  i.e,  about  1*4  sec  for  normal  opera¬ 
tion* 

The  turbine  speed  monitor  unit  is  shown  in  Pig, 18  and  a  circuit  diagram 
is  given  in  Fig, 17,  The  design  of  the  linear  sweep  generator  was  based  on 
information  given  in  Ref,8  and  the  voltage  output  was  arranged  to  remain 
within  ±1*5  volts  required  at  the  telemetry  modulator. 

3,7  Vibration  measurement 

The  barium  titanate  vibration  pick-off  (type  P)  manufactured  by  G.E.C, 
was  used  to  measure  vibration  in  Black  Kni^t  vehicles.  Measurements  have 
been  made  during  flight  in  the  motor  bay  and  instrumentation  compartment  of 
the  main  body.  Cubes  of  duralumin  (1*25  inch  sides)  were  mounted  at  the 
positions  of  interest  and  three  plok-offs  vtere  fitted  to  each  block  so  that 
vibration  was  measured  along  three  mutually  perpendicular  axes.  A  unit 
comprising  three  cathode  followers  was  mounted  adjacent  to  each  block  and  the 
output  from  each  pick-off  was  connected  to  a  different  cathode  follower 
(input>lmpedanoe  20  megohms).  A  sampling  switch  in  the  motor  bay  connected 
the  output  from  each  cathode  follower,  in  turn,  to  a  2  watt  single-channel 
telemetry  transmitter  fitted  in  the  Y.2  fin  pod.  (ihls  sender  provided 
the  additional  telemetry  bandwidth  required  for  vibration  measurements.) 

Ihe  sampling  switch  made  one  revolution  in  3  seconds  and  the  output  from  each 
transducer  was  transmitted  continuously  for  periods  of  0*5  second. 

3*8  Upper-atmosphere  research  experiments 

Exemlnation  of  the  records  from  early  firings  indicated  that  sufficient 
power  remained  in  the  batteries  supplying  telemetry  equipment  to  permit 
operation  until  the  main  body  disintegrated  at  re-entzy,  Hie  vehicle  atti¬ 
tude  after  "all-burnt"  was  no  longer  stabilised  and  a  random  tumbling  motion 
caused  telemetry  fades  but  data  could  be  obtained  for  at  least  50?^  of  the 
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period  from  ”all-burnt”  to  re-entry*  As  no  further  information  was  required 
from  the  body  systems  after  the  propulsion  period,  it  was  decided  to  use  the 
telemetry  link  by  fitting  light-weight  upper  atmosphere  research  experiments 
which  could  be  taken  to  altitudes  of  about  450  miles*  The  major  limitations 
imposed  on  these  experiments  were  as  follows* 

(a)  The  total  weight  was  not  to  exceed  5  lt>* 

(b)  Equipment  could  only  be  fitted  v/hero  spaco  was  alread^^  available# 

(c)  Servicing  was  restricted  to  replacement  and  no  testing  was  permitted 

during  the  final  preparation  phase  of  the  vehicle. 

Following  consultations  with  University  groups  and  Ministry  Establishments 
a  number  of  experiments  were  devised  and  ultimately  installed  in  several.  Black 
Knight  vehicles.  The  majority  of  the  experiments  were  fitted  in  the 
separation  bay  (Pigs. 19  and  20)  and  a  programme  motor  and  relay  assembly  were 
used  to  energise  the  equipment  and  operate  change-over  switches  which  connected 
the  voltage  outputs  to  suitable  telemetry  channels  at  10  seconds  after  nominal 
”eJ.l -burnt”.  In  a  typical  three  year  period  during  the  firing  programme  about 
thirty  upper-atmosphere  experiments  were  included  in  eleven  vehicles  with 
varying  degrees  of  success*  Details  of  these  experiments  are  given  in 
Appendix  C* 

4  OTHER  INSTRUMENTATION 

4*1  Flash  units  and  detector 

In  addition  to  other  sources  of  information  an  accurate  measurement  of 
the  vehicle  trajectory  at  ” all-burnt”  has  been  obtained,  in  several  firings, 
by  fitting  the  rocket  with  a  marker  flash  system  and  launching  the  missile  at 
night  so  that  the  flashes  could  be  recorded  on  the  plates  of  ballistic 
cameras  located  at  suitable  positions  on  the  range*  Velocity  was  also  obtained 
from  the  trajectory  data  by  using  photomultiplier  detectors  on  the  gro\ind  to 
record  the  time  at  vrtiich  each  flash  occurred*  Since  the  photomultipliers 
have  a  limited  field  of  view  the  time  at  which  each  flash  occurred  was  also 
telemetered  by  using  a  missile-borne  detector.  The  flash  units  and  flash 
detector  which  have  been  fitted  in  the  Y*2  fin  pod  of  Black  Knight  vehicles 
are  described  in  this  section* 

(a)  Electronic  flash  unit 

Very  short  and  intense  pulses  of  light  can  be  obtained  by  discharging 
a  capacitor  through  a  gas-filled  tube.  This  prinicple  was  employed  in  the 

9 

electronic  flash  unit  to  produce  marker  flashes  at  intervals  of  about 
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5  seconds.  The  unit  was  developed  to  give  the  following  performance  at  an 
altitude  of  200  miles  so  that  flashes  could  be  recorded  until  about  three 
minutes  after  "all-burnt". 


(i) 


(ii) 


—8 

A  minimum  light  energy  at  ground  level  of  2*6  x  10  metre-candle- 
seconds. 

-6  “5 

A  peak  light  intensity  at  ground  level  of  2  x  10  to  2  x  10 
lumens/metre  . 


This  ensxjred  that  a  photographic  image  corresponding  to  a  6th  magnitude 
star  would  be  recorded  by  ballistic  cameras  and  that  the  flash  would  trigger 
photomultipliers  on  the  range. 


The  unit  which  is  normally  fitted  in  a  sealed  container  is  shown  in 
Fig .21  with  the  cover  removed.  Eight  800  pif  500  volt  electrolytic  capacitors 
are  charged  and  then  connected  to  a  gas  discharge  tube  (Xenon)  to  give  a  flash 
having  a  duration  of  270  ^seo  (approx.)  a  peak  intensify  of  10^  candle  power 
and  an  integrated  light  output  of  2450  candle -second.  An  improved  unit  in 

which  four  special  2400  p.f  500  volt  annular  condensers  are  fitted  has  also 
been  developed  and  used  successfully  to  provide  trajectory  data  at  hi^er 
altitudes, 

(b)  Pyrotechnic  flash  unit 

Before  the  electronic  flash  unit  became  available  pyrotechnic  flashes  were 
used  to  mark  the  trajectory.  Up  to  eight  cartridges  (developed  by  Armament 
Department,  R.A.E.  and  A.R.D.E,  Langhurst)  were  fitted  in  a  unit  mounted  in 
the  Y,2  fin  pod.  Each  pyrotechnic  was  self-contained  and  comprised  the 
foil owing ;- 

(i)  Initiator. 

(ii)  Propellent  to  eject  caurtridge, 

(iii)  Time  delay  to  clear  vehicle. 

(iv)  Detonator, 

(v)  Main  filling. 

Cartridges  were  ejected  at  intervals  of  a  few  seconds  controlled  by  a 
programme  switch  which  began  to  operate  shortly  before  "all-burnt" ,  It  was 
necessary  for  the  light  omitted  by  the  pyrotechnios  to  exceed  the  output  from 
the  electronic  flash  unit  by  an  adequate  safety  margin  because  a  pyrotechnic 
burning  in  vacuo  may  only  give  about  one  quarter  of  the  light  output  emitted 
at  sea  level.  Experimental  results  obtained  at  sea  level  from  five  'lype  A' 
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cai'tridges  (larger  unit  Pig, 22)  showed  a  mean  total  output  of  7*2  x  10^  candle- 
sec  (5*^4-  X  iO^  to  8*6  X  10^  candle-sec)  a  mean  peak  intensity  of  10‘2*.  x 
candles  (9*9  x  10'  to  11*2  x  10'  candles)  a  mean  tine  interval  to  peak 
intensity  of  3*3  m  sec  (2*6  to  4*0  m  sec)  and  a  total  buming  time  of  36  m  sec. 
The  ejection  velocity  and  time  delay  were  arranged  so  that  the  flash  ignited 
at  a  distance  of  about  20  ft  from  the  vehicle.  The  cutters  at  the  front  of 
each  cartridge  (Pig,22)  were  intended  to  burst  the  diaphragm  at  the  end  of  the 
cylindrical  container  when  ejected.  The  complete  unit  (without  cartridges) 
is  shown  in  Pig,23» 

The  performance  of  the  electronic  flash  unit  is  superior  to  the  pyro¬ 
technic  unit  because  the  number  of  flashes  are  not  limited  to  about  eight  and 
the  position  of  the  vehicle  is  more  accurately  defined  because 

(i)  the  flash  is  not  ejected 

(ii)  the  time  delay  to  peak  light  intensity  is  shorter. 

(0)  Plash  detector 

The  flash  deotoctor  unit  (Pig,25)  is  only  referred  to  briefly  in  this 
section  because  it  is  described  in  Ref, 10,  A  Hilgor  and  Watts  PT425  photo- 
conductive  cell  is  used  in  a  detector  circuit  which  generates  a  voltage  pulse 
each  time  the  photo-cell  is  illuminated  by  a  flash  from  the  missile-bome 
flash  system.  The  pulse  is  used  to  trigger  a  linear  sweep  gonerater  so  that 
the  output  from  the  unit  comprises  a  series  of  sawtooth  voltage  pulses  of  the 
form  shown  in  Pig,24f  where  each  pulse  is  caused  by  a  flash.  The  maximum 
flash  repetition  rate  which  can  be  detected  is  approximately  three  flashes 
per  second  and  since  the  time  interval  between  successive  flashes  is  about 
five  seconds  this  is  adequate.  The  output  from  the  unit  is  sampled  every 
12  m  sec  by  the  telemetry  switch  and  the  time  at  which  each  pulse  is  initiated 
can  be  determined  from  the  telemetry  record  to  an  accuracy  of  about  ±1  m  sec 
by  interpolation.  The  voltage  output  from  the  detector  is  adjusted  to  remain 
within  the  range  ±1*5  volts  required  to  modulate  the  telemetry.  The  design 
of  the  linear  sweep  generator  was  based  on  data  given  in  Ref, 8. 

4,2  Tracking  lamps 

The  G-amma  201  engine  v^hich  has  been  used  in  several  Black  Knight  vehicles 

is  not  fitted  with  a  mixture  ratio  control.  If  the  kerosene  supply  is 

exhausted  before  the  H.T.P.  during  flight  "cold  burning"  occurs  and  the  motor 
11 

flame  can  no  longer  be  seen  by  the  operator  of  the  optical  guidance  telescope, . 
To  overcome  this  tracking  problem,  lamps  which  provide  a  continuous  light 
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output  were  fitted  to  B.K.07  and  later  vehicles#  Each  unit  comprises  a 
26  volt  350  watt  aircraft  landing  lamp  (Air  Ministry  Ref#  No#5I^/2344)  and  a 
suitable  reflector*  Lamp  units  provide  a  light  source  of  about  2200  candles 
when  viewed  along  the  longitudinal  axis  of  symmetry  through  the  filament  and 
they  are  normally  fitted  to  the  P#1  and  P.2  fins#  When  four  fin  pods  are 
attached  to  the  rocket  (B.K*19  and  B.K*24)  a  larger  and  more  efficient 
reflector  can  be  accommodated  and  the  equivalent  light  source  per  unit  is 
increased  to  3OOOO  candles*  Even  with  the  smaller  light  output,  optical 
tracking  is  possible  until  about  one  minute  after  a  normal  engine  flame-out. 

5  CONCLUSIONS 

Details  have  been  given  of  the  various  instrumentation  techniques 
developed  for  applications  in  the  main  body  of  Black  Knight  test  vehicles* 

The  systems  described  ore,  in  general,  the  result  of  considerable  laboratory 
and  flight  testing;  a  typical  example  is  the  kerosene  level  sensor  ii^ich 
was  tested  in  several  different  forms  before  a  satisfactory  version  was 
produced.  More  detailed  descriptions  of  the  development  problems  associated 
with  specific  items  of  equipment  can  be  found  in  individual  system  reports 
e.g.  Refs.4,‘  and  9# 

Plight  data  obtained  from  the  instrumentation  has  not  been  given  in  this 
Report.  Those  can  be  fo\ind  in  the  various  papers  on  specific  aspects  of  the 
Black  Knight  programme  (e*g.Ref*12,13  and  I4)  and  in  Post-Firing  Meeting  reports. 

One  further  point  worthy  of  note  is  the  reliability  of  the  primary  data 
handling  equipment;  for  there  have  been  no  failures  of  the  body  telemetry  system 
throughout  the  Black  Knight  programme.  There  have  been  some  malfunctions  in 
a  few  of  the  many  transducers  used  with  the  tclemetiy  senders,  but  in  every 
firing  satisfactory  data  transmission  has  been  achieved# 
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Apnendix  A 

EFFECT  OF  POVfflR  DISSIPATION  IN  A  HESISTMTCE  THERMOMETER 


The  voltage  output  from  the  resistance  thermometer  bridge  is  directly 
proportional  to  the  supply  voltage  (Section  3«3  e^qpression  (3))  Lut  Lhe  power 
dissipation  in  the  thermometer  varies  as  the, square  of  the  energising  voltage 
as  follows 

'max  "  (2P  +  R)(2P  +  3R) 

whore  -  maximum  power  dissipated  in  the  resistance  thennomoter  throughout 

the  temperature  range. 

This  causes  local  heating  at  the  thermometer  and  results  in  a  false 
temperature  reading.  In  the  case  of  an  air  thermometer,  the  temperature  rise 
dT  caused  by  power  dissipation  w  is  given  by  the  familiar  expression 


(A. 

where  k  =:  surface  emissivity  of  wire 

J  =  mechanical  equivalent  of  heat 
A  =  surface  area  of  wire. 


AT  =r 


w 


Tck  JA 


It  was  found  experimentally  that  for  an  80  cm  length  of  0*001  inch 
diameter  nickel  wire  in  air 

AT  =  0*072  per  mw 

so  that 

AT  =  5-76  I  (A.3) 


whore  w  =  power  dissipation  (mw) 

A  =  length  of  wire  (cm). 

For  skdn  thermometers  bonded  onto  0*015  inch  thick  aluminium  alloy  sheet 
the  following  empirical  relationship  was  determined 

AT  =  2*67  .  (A.4) 
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Using  a  supply  voltage  of  1*35  volts  the  value  of  series  resistance  R  for 
each  temperature  range  vras  determined  from  expression  (3)  explained  in 
Section  3*3 •  The  maximum  power  dissipation  in  the  resistance  thermometers 

and  the  corx'e spending  temperature  errors  v/ere  then  calculated  from  expressions 
(A.1),  (A#3)  and  (A*A)  •  The  results  are  summarised  in  the  following  table  and 
it  is  considered  that  the  temperature  errors  are  negligible# 


Temp,  range 
of  bridge 
unit  (®C) 

Series 
resistance 
R  (ohms) 

Max#  power 

T  <5  c*!  Tin 

Temperature 

error  (®C) 

in 

thermometer 

(mw) 

Air 

thermometer 

Skin 

thermometer 

10  -  100 

69-7 

1-49 

0*34 

0*15 

10  -  200 

180*0 

0-3? 

0*08 

0*04 

10  -  300 

-  1 

284-9 

0*17 

0*04 

0*02 
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Appendix  B 

CONSTRUCTION  OF  RESISTANCE  THBHMOMBTERS  AITD  BRIDGE  UNITS 


(O')  Skin  thermometer 

In  its  original  fonn,  nickel  wire  (0*001  inch  diameter)  was  wound  onto 
the  adhesive  surface  of  glass-fihre  tape  (Speedfix  Q^po  G-#106).  The  sensitive 
element  occupied  on  area  of  0*5  inch  x  0*5  inch  and  was  covered  by  mica  sheet 
(0*0005  inch  thick)  to  provide  an  electrical  insulation*  The  ends  of  the 
vdre  were  spot  welded  to  strips  of  nickel  foil  whieja  passed  through  the  tape 
to  be  anchored  on  the  rear  surface  by  a  further  layer  of  tape*  The  construc¬ 
tion  of  a  thermometer  element  of  this  type  is  shown  in  Pig#8  and  when  placed 
in  position  local  heating  (from  a  methylated  spirits  flame)  was  used  to 
polymerise  the  adhesive  and  form  a  bond  with  the  surface. 

In  some  of  the  earlier  firings  difficulty  was  experienced  in  achieving 
a  good  thorm.al  contact  between  the  thermometer  element  and  the  metal  skin  and 
so  the  construction  was  modified  by  winding  the  nickel  wire  onto  asbestos  tape 
impregnated  with  Priedel-Craft  resin,  applying  the  mica  insxilation  and  then 
attaching  the  complete  thermometer  to  the  surface  with  Gow-Mao  adhesive. 

This  method  of  attachment  is  easy  to  effect  and  satisfactory  up  to  400®C  (approx*) 
Skin  temperatures  of  several  Black  Knight  rockets  have  been  measured  by 
fitting  thermometers  of  this  type  to  the  inside  surface  of  the  vehicles. 

(b)  Air  thermometer 

In  this  transducer  the  resistance  wire  is  wound  on  two  parallel  pylon 
cords  held  between  two  spaced  paxolin  rings  (Pig*9)#  Each  turn  of  wire  is 
anchored  to  the  nylon  by  adhesive  and  the  free  ends  are  spot  welded  to  nickel 
strips  attached  to  terminals  on  the  frame*  The  four  bolts  which  hold  the 
frame  together  are  also  used  to  mount  the  thermometer* 

(c)  Explosive  bolt  thermometer 

This  transducer  was  constructed  to  measure  the  temperature  inside 
dummy  explosive  bolts  fittjd  to  proving  vehicles  which  carried  non-separating 
heads.  The  construction  is  similar  to  the  early  skin  thermometers  but  the 
element  occupies  an  area  of  1  *8  indies  x  0*25  inch.  Transformer  paper 
(0*001  inch  thick)  insulates  the  element  from  the  inside  surface  of  the  bolt 
(Fig.lO)  and  a  plastic  rod  which  simulates  the  explosive  charge  holds  the 
resistance  thermometer  firmly  against  the  bolt#  A  similar  thermometer  was 
moulded  in  Aroldite  with  the  cold  junction  of  each  themiooouple  installation  to 
measure  its  temperature* 
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(d)  Bridge  units  and  Ipatteries 

Three  33  ohm  resistors  comprising  the  bridge,  series  resistor  R  and  two 
calibration  resistors  were  suitably  interconnected  and  soldered  to  a  plug  which 
fitted  a  B7G  valve  base*  The  whole  unit  was  then  moulded  in  a  cylindrical 
block  of  Araldite  (length  1*  5 i^hes,  diameter  0»75  inch  approx.)  so  that  it 
could  be  plugged  into  an  instrumentation  tray.  The  bridge  battery  and  bias 
battery  required  at  the  output  of  the  telemetry  pre-amplifier  were  moiilded 
as  another  plug-in  module  fitted  with  a  12  way  Belling-Lee  unitor. 
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BLACK  KM&HT  UPFER-AmOSFHEBE  RESEARCH  EKPERBENTS 


This  Appendix  comprises  a  brief  description  of  the  various  upper- 
atmosphere  research  experiments  which  have  been  carried  out  with  Black  Knight 
rockets.  The  description  includes  a  simmary  of  the  objectives  together  with 
some  information  on  the  experimental  techniques. 

Experiments  are  classified  under  the  various  research  groups  responsible 
for  the  design  of  equipment  and  these  include  four  University  groups  together 
with  \7,R.E,  (Australia)  and  R.A.E. 

C,1  Imperial  College,  London 

(a)  Seiger  cotmter  experiment 

The  variation  of  cosmic  ray  intensity  with  altitude  gives  valuable 
information  on  the  energy  spectrum  of  primary  cosmic  rays.  Above  the  atmos¬ 
phere  the  so-called  StSrmer  cone  of  allowed  directions  of  arrival  of  primary 
particles  of  a  given  energy  at  a  point  inside  the  earth's  magnetic  field, 
varies  in  size  with  the  altitude  of  observation.  By  monitoring  the  cosmic 
ray  intensity  during  the  ballistic  flight  of  Black  Knight,  it  is  possible  to 
determine  the  energy  spectrum  provided  we  take  into  account  the  altitude 
dependence  of  the  St5rmer  cone  and  also  the  geometrical  shadov;  of  the  earth. 

In  addition,  by  monitoring  cosmic  ray  intensity  on  a  number  of  different 
flights  it  is  possible  to  obtain  data  on  long  period  variations  in  primary 
intensity. 

It  may  bo  noted  that  at  the  peak  altitude  for  Black  Knight  (325  or  450 
miles  for  two  and  single  stage  versions)  at  the  Woomera  latitude  the  vehicle 
does  not  penetrate  the  Van  Allen  trapped  radiation  belts. 

The  equipment  consists  of  a  single  halogen  quenched  geiger  counter 
fitted  with  a  load  shield  to  minimise  the  effect  of  varying  the  installation 
on  different  vehicles.  The  counter  operates  at  360  volts  approximately,  the 
EHT  supply  being  derived  from  a  transistorised  EHT  generator.  The  counter 
output  pulses  pass  via  a  shaping  amplifier  and  scaling  unit  to  the  telemetry 
for  transmission  to  the  ground.  Power  supplies  are  provided  by  Mallory  cells 
in  a  potted  battery  pack, 

(b)  C6r6nkov  scintillation  counter 

This  particular  equipment  was  a  prototype  of  a  unit  flown  in  the  Scout 
satellite.  The  object  of  the  Black  Kni^t  fliglit  was  to  gain  experience  of 
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operating  high  voltage  photomultiplior  equipment  in  free  space  conditions  and 
to  provide  basic  calibration  data  on  heavy  nuclei  cosmic  ray  primaries  up  to 
altitudes  of  450  miles. 

The  primary  cosmic  rays  in  space  comprise  nuclei  of  atoms,  mainly  protons. 
Observations  of  cosmic  ray  protons  at  satellite  altitudes  are  likely  to  be 
confused  by  protons  trapped  in  the  Van  Allen  radiation  belt  and  the  experiment 
was  therefore  designed  to  monitor  the  nuclei  of  heavier  elements,  carbon  and 
upwards* 

The  equipment  consists  of  a  hollov/  plastic  sphere  approximately  4  inches 
in  diameter  and  one- tenth  of  an  inch  thick  on  which  is  mounted  a  photo¬ 
multiplier  tube*  These  arc  mounted  in  a  light  tight  box  in  the  separation 
bay  of  the  vehicle*  Energetic  cosmic  ray  primary  particles  enter  the  plastic 
at  velocities  greater  than  the  velocity  of  light  in  the  plastic  and  as  a 
result  they  produce  ’’shock  waves”  of  light  by  the  C6r6nkov  effect*  The 
sphere  is  coated  with  white  paint  which  scatters  the  resulting  flashes  of 
light  into  the  photomultiplior*  Tho  heavy  primaries  give  a  brighter  flash 
than  tho  protons  and  the  photomultiplior  output  is  therefore  passed  through 
a  discriminator  unit  which  permits  only  the  *heavy’  pulses  to  pass  through  a 
scaling  unit  to  the  telemetry. 

Power  supplies  are  provided  by  a  potted  Mallory  batteiy  pack  and  the 
voltage  for  the  photomultiplier  is  obtained  from  a  transistorised  EHT  generator. 

(c)  Proportional  counter  experiment 

This  equipment  was  also  a  prototype  of  a  unit  flown  in  the  Scout 
satellite.  It  was  used  to  investigate  fluctuations  in  the  very  low  energy 
primaiy  particles  which  are  most  affected  by  solstr  processes  and  it  therefore 
extended  the  range  of  measurements  below  the  minimum  energy  to  which  tho 
C6r6nkov  counter  responds. 

Tho  experimental  arrangement  consists  of  a  proportional  counter  tele¬ 
scope  having  two  independent  sections  between  which  '^afferent  thicknesses  of 
absorber  can  be  interposed.  Coincidence  and  bias  levels  were  set  to  select 
protons  of  low  energy  as  well  as  heavy  primaries. 

Once  again  the  counter  telescope,  discriminators,  coincidence  units, 
scalers  and  power  supplies  were  fitted  in  a  light  tight  box  in  the  separation 
bay  of  Black  Knight, 
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C#2  University  College «  London 

(a)  Sporadic  E  measxirements 

This  equipment  was  designed  to  measure  the  density  profile  of  positive 
ions  in  the  ionosphere  with  particular  reference  to  detecting  sporadic  patches 
of  enhanced  ionisation  in  the  lower  E  region#  The  equipment  has  been  extensively 
flown  in  the  Stylark  rocket#  It  consists  essentially  of  a  negatively  biassed 
probe  assembly  which  attracts  positive  ions  in  the  ionosphere#  Measurement 
of  the  resulting  positive  ion  current  permits  interpretation  in  terms  of  the 
ambient  ion  density.  In  order  to  resolve  ambiguities  in  the  output  signal 
due  to  random  motion  of  the  vehicle  after  ” all-burnt”  either  two  or  four 
equispaced  probe  assemblies  were  fitted  around  the  separation  bay  of  Black 
Knight# 

The  probe  assembly  is  a  3  inch  diameter  polished  flat  plate  probe  and 
guard  ring  mounted  on  an  access  door  on  the  separation  bay#  The  probe  is 
insulated  with  P.T.P.E#  and  the  probe  and  ring  are  rhodium  plated.  The 
positive  ion  current  passes  via  a  single  silicon  transistor  amplifier  to 
telemetxy#  The  power  supplies  and  electronics  are  in  a  potted  block  mounted 
on  the  back  of  the  probe  assembly# 

(b)  Electron  temperature 

This  experiment  is  similar  to  one  flown  in  the  Scout  satellite#  The 
object  of  the  experiment  is  to  measure  the  temperature  of  electrons  in  the 
ionosphere,  i#e#  their  energy  distribution#  When  particles  are  in  equilibrium 
at  a  given  temperature  the  distribution  of  energy  amongst  them  has  a  character¬ 
istic  form#  If  a  probe  electrode  is  in  a  plasma  containing  such  an  electron 
gas,  then  as  the  probe  voltage  varies  the  resulting  current  variation  can 
provide  a  direct  measure  of  electron  temperature# 

Using  the  normal  Langmxair  probe  technique  electron  temperature  is  derived 
directly  from  the  ratio  of  the  first  and  second  derivatives  of  ihe  current- 
voltage  curve#  Previous  workers  have  attempted  to  analyse  the  curve  by  double 
graphical  differentiation  of  telemetered  data  but  such  a  process  does  not  give 
accurate  results  ov/ing  to  poor  signal/noise  ratio  at  the  rooeiver#  The  Scout 
equipment  therefore  used  two  voltages  of  different  frequency  applied  to  the 
probe  giving  a  modulated  waveform  from  which  the  first  and  second  derivatives 
could  be  separated  (using  a  variable  gain  tuned  amplifier)  and  telemetered  to 
the  ground  separately# 
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The  equipment  fitted  to  Black  Knight  consists  of  a  probe  assembly  and  the 
associated  electronics  and  power  supplies.  The  probe  assembly  is  a  "1  inch 
diameter  polished  flat  plate  probe  and  guard  ring  mounted  on  an  access  door  on 
the  separation  bay*  The  whole  assembly  is  rhodium  plated  and  mounted  flush 
to  the  vehicle  skin.  Tlic  waveform  generator  and  amplifier  are  contained  in 
two  units  mounted,  together  with  the  Mallorj’’  cell  power  supply,  inside  the 
separation  bay. 

(c)  Positive  ion  mass  spectrometer 

There  is  considerable  uncertainty  about  the  nature  of  positive  ions  in 

the  ionosphere.  The  object  of  this  particular  experiment  (intended  for 

satellite  application) is  therefore  to  determine  the  mass  spectrum  of  positive 

ions.  The  velocity  of  Black  Knight  is  much  greater  than  the  mean  random 

velocity  of  the  ions  and  it  follows  that  the  energy  with  which  an  ion  impacts 

2 

a  probe  on  the  vehicle  is  approximately  -g-  Mv  whore  M  is  the  mass  of  the  ion  and 
V  the  velocity  of  the  vehicle.  A  measure  of  ■the  ion  energy  spectrum  thus 
leads  directly  "to  the  ionic  mass  spectrum.  As  in  "the  case  of  the  electron 
temperature  experiment  the  energy  spectrum  can  bo  determined  by  analysis  of 
the  current/voltage  curve  of  a  probe  imnersed  in  the  ionised  plasma. 

For  this  experiment  a  spherical  probe  assembly  is  used,  v/hich  for  reasons 
of  symmetry  is  insensitive  to  vehicle  orientation  provided  the  probe  is  mounted 
sufficiently  far  away  from  the  vehicle  "shadow”.  Because  the  electron 
current  to  such  a  probe  would  exceed  the  positive  ion  cvirront  it  is  desired 
to  measure,  the  probe  is  surrounded  by  a  negatively  biassed  spherical  screening 
grid  in  order  -to  repel  electrons.  This  probe  assembly  is  mounted  on  a  long 
arm  which  is  erected  from  inside  'the  separation  bay  of  the  vehicle  after  the 
re-entry  hoad  has  separated  (see  Fig, 20), 

Tlic  electronic  equipment  and  power  supplies  for  tliis  experiment  are 
similar  to  -those  fitted  for  the  electron  temperature  experiment, 

(d)  Balloon  experiment 

One  me-thod  of  dotermining  a-tmospheric  density  is  to  record  tho  trajectory 
of  an  object  of  well  defined  drag/weight  ratio  o.g,  a  sphere,  A  proposal  was 
originally  made  by  University  College  "to  eject  an  inflated  3“foot  diameter 
si^ere  from  tho  Skylark  rocket  but  a  requirement  by  G.Yif.  Dopar-tment,  R.A.E., 
for  a  reflecting  target  to  act  as  a  radar  •label*  in  certain  Black  Knight 
experiments,  gave  rise  to  a  joint  U.C.L, /R.A.E,  proposal  for  a  6-foot  diameter 
inflatable  balloon  to  be  ejected  from  Black  Knight,  The  R.A.E,  radar 
requirement  even-tually  lapsed  but  development  of  tho  balloon  was  completed  and 
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both  Slcylark  and  Black  Knight  e:vperimcnts  have  been  made#  Tlie  trajectory  of 
the  falling  sphere  can  be  monitored  either  by  FFSI6  radar  (when  vriLthin  skin 
tracking  range)  or  optically,  in  the  case  of  astrotv/ilight  firings,  using  the 
Baker  Nunn  camora  or  the  several  U.C.L.  photo-electric  trackers  developed  for 
range  use* 

The  equipment  installed  in  Black  Knight  is  contained  in  a  canister 
(15  inches  X  5  inches  diameter)  mounted  in  the  separation  bay.  A  spring 
motor  released  by  an  electricolly  operated  trigger  after  vehicle  ’*all-burnt” 
ejects  the  sphere  package  and  its  attached  filling  bottle*  Inflation  of  the 
metallised  fabric  sphere  commences  when  a  diaphragm  is  pierced  at  the  instant 
the  sphere  package  leaves  the  vehicle.  The  sphere  is  then  separated  from  the 
bottle  when  the  former  is  fully  inflated.  Separation  is  effected  v^en  a 
spring  loaded  mechanical  release  in  the  filling  valve  of  the  sphere  is 
actuated  by  a  cord  running  across  the  diameter  of  the  sphere. 

C . 3  Manchester  and  Cambridge  Universities 

Gal  actio  radio  noise  moasi^rements 

The  object  of  this  e:q)eriment  is  to  investigate  the  spectrum  of  radio 
waves  emanating  from  the  Galaxy  below  a  frequency  of  approximately  15  Mc/s. 

It  is  expected  that  much  of  the  radiation  at  these  frequencies  will  come  from 
the  roughly  spherical  *halo*  which  surrounds  our  Gala:q7.  The  disk  of  the 
Galaxy  itself  is  probably  relatively  *dark’  because  of  absorption  in  ionised 
gas. 

Signals  belov/  15  Mc/s  are  severely  attenuated  by  refraction  in  the 
ionosphere  and  honco  little  is  kno7/n  of  their  distribution  from  measurements 
below  tho  ionosphere.  A  severe  problem  also  exists  due  to  earthboiind  sources 
radiating  within  this  frequency  band  and  producing  interference  at  the 
receiver  by  reflection  from  the  ionosphere.  By  carrying  receiving  equipment 
in  a  high  altitude  rocket  these  problems  can  be  overcome,  provided  it  is 
possible  to  erect  a  suitable  receiving  aerial  system  from  the  vdiicle. 

Tho  equipment  fitted  in  Black  Knight  can  be  conveniently  considered 
under  tlireo  headings 

(a)  Aerial  unit  (Manchester  University) 

The  aerial  consists  of  approximately  30  ft  of  stool  tape  coiled  inside 
a  drum  and  unrooled  from  tho  inside  by  a  small  electric  motor.  Tho  aerial 
is  extended  after  head  separation  and,  when  fully  woxind  out,  the  motor  is 
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switched  off  by  a  microswitch  which  also  provides  a  signal  to  telemetry  as 
proof  of  aerial  extension. 

Because  of  rotation  of  the  vehicle  the  aerial  will  oscillate  about  its 
mean  position  under  the  influence  of  Coriolis  and  centrifugal  forces.  The 
rate  of  ejection  (approximately  0*2  ft/sec)  is  sufficiently  low  to  make  these 
oscillations  unimportant.  The  steel  tape  and  the  vehicle  body  together  form 
an  unbalanced  dipole,  short  compared  with  one  half  wavelength  and  the  aerial 
is  therefore  highly  reactive.  Directivity  is  rather  poor  and  hence  the 
spatial  distribution  of  radio  noise  cannot  be  accurately  determined. 

The  complete  aerial  assembly  is  contained  in  a  unit  fitted  inside  the 
separation  bay,  the  aerial  being  ejected  through  a  slot  in  the  skin,  in  a 
direction  roughly  parallel  to  the  vehicle  major  axis, 

(b)  Receiver  unit  (Manchester  University) 

Signals  from  the  aerieil  are  passed  to  the  homodyno  receiver  unit  also 
mounted  in  the  separation  bay#  Because  the  possibility  of  station  interference 
above  the  ionosphere  cannot  bo  ruled  out  at  5  Mc/s,  the  receiver  switches 
periodically  between  two  channels  and  in  addition  scans  slightly  on  each 
channel.  The  central  frequencies  of  the  channels  are  approximately  4*9  and 
4*1  Mc/s  and  the  sweep  bandwidths  are  120  and  50  kc/s  respectively, 
internal  noise  source  is  also  sv;itched  into  the  receiver  periodically  for 
calibration  purposes,  A  simple  diode  detector  provides  an  output  to  the 
telemetry  transmitter, 

(c)  Receiver  Unit  (Cambridge  University) 

iji  alternative  receiver  unit,  operating  on  a  diff.'oront  principle  can  be 
fitted  in  the  separation  bay.  In  the  Cambridge  unit  the  superhet  receiver 
(15  kc/s  I,F,  bandwidth)  can  bo  swept  through  the  frequency  range  from  0*75 
to  2»8  Mc/s, (7  second  cycle  period),  A  calibration  oscillator  signal  is 
injected  at  1*8  Mc/s,  This  receiver  has  a  linear  output  for  a  30:1  range 
of  signal  input, 

Aa  in  the  case  of  the  Manchester  receiver,  this  unit  is  mounted  on  a  tray 
together  with  the  necessary  Mallory  battery  power  supplies, 

C,4  R,A.E,  and  \7,R,E.  experiments 

(a)  Controlled  outgassinfi  experiment 

During  early  Black  Knight  firings  largo  ionospheric  disturbances  wore 
caused  by  the  passage  of  the  vehicle  through  the  E  and  P  layers  of  the  iono¬ 
sphere,  These  disturbances  were  detected  by  the  H,P,  radars  operated  at  the 
V^oomera  rango*^^. 
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Various  theories  have  been  developed  to  explain  the  observed  phenomena 
and  it  seems  most  likely  that  the  effects  are  associated  with  the  ”outgassing” 
of  small  quantities  of  tank  pressurisation  gases  together  with  expulsion  of 
residual  propellents  from  the  thrust  chambers.  In  order  to  obtain  additional 
data  an  experiment  was  devised  in  v/hich  a  knovm  quantity  of  gas  is  ejected  as 
the  vehicle  passes  through  the  ionosphere  and  the  effects  are  observed  on  the 
ground  by  H.F.  radars ♦ 

The  equipment  was  designed  to  fit  in  the  Y.2  fin  pod  of  the  rocket. 

As  the  vehicle  passes  the  400  Ion  level  a  programme  switch  operates  a  solenoid 

2 

valve  on  a  bottle  containing  about  1  lb  of  nitrogen  at  3000  Ib/in  axxd  the 
gas  is  ejected  in  5  seconds  (approx#)  •  Valve  operation  can  be  telemetered 
providing  a  channel  is  available#  Experiments  in  which  two  or  more  discharges 
take  place  between  altitudes  of  300  and  500  km  were  also  envisaged# 

(b)  Faraday  rotation 

To  assist  the  analysis  of  H.F.  radar  data  obtained  during  Black  Knight 
flights  through  the  ionosphere  it  was  necessary  to  determine  the  electron 
density  profile  above  the  P  region  maximum#  One  method  was  to  measure  the 
Faraday  rotation  effect  on  the  plane  of  polarisation  of  the  signal  received 
at  the  command-link  equipment  in  the  rocket# 

For  this  experiment  the  circularly  polarised  conimand-link  ground  trans¬ 
mitter  aerial  is  replaced  at  vehicle  ”all-buz’nt”  by  two  plane  polarised 
aerials  (operating  at  different  frequencies)  so  that  it  is  possible  to 
differentiate  between  the  affect  of  vehicle  motion  and  Faraday  rotation. 

Signal  strength  at  the  two  command-link  receivers  in  the  rocket  is  telemetered 
to  provide  the  data  required  for  analysis# 

C#5  Installation  programme  and  performance  of  equipment 

A  list  of  experiments  fitted  to  Black  ICnight  rockets  during  the  period 
October  ‘1959  to  November  1962  is  given  in  Table  1  and  comments  on  the  degree 
of  success  from  the  University  experiments  are  given  in  Table  2# 
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